In this work, xylan extracted from oat spelt with a yield of approx. 17% has been characterized for determining its properties. It was then applied as additive in paper-making by adding into elementary chlorine free bleached Kraft softwood pulp slurry. The study aims to investigate the influence of xylan on paper properties, based on its relative retention capacity on cellulose fibres during the paper-making process. Different xylan dosages were added right before sheet formation. The adsorbed amount of xylan and its relative retention capacity on the paper after the paper-making process have been quantified using mild acid hydrolysis and high-performance liquid chromatography. The adsorbed amount of xylan on paper increases with increasing xylan dosages, while the retention capacity reaches its highest value of 75%, when 5% of xylan is added. Over this point, the retention is believed to be limited due to the saturation phenomenon, suggesting that higher amounts of xylan addition may not bring any further advantages to the mechanical properties of paper.
INTRODUCTION
Xylan is the major component of hemicelluloses, one of the main substances of plant primary cell wall, besides cellulose, lignin and pectin. Xylan can be extracted from wood and non-wood materials, including annual plants, cereals, some algae or seaweeds. Non-wood materials, especially agricultural residues, are now drawing much attention since they are cheap and utilizing them can reduce the waste disposed into the environment. Moreover, these materials are recyclable, sustainable and reproducible. In this work, xylan isolated from oat spelt was used as a major material along bleached Kraft softwood pulp. Oat spelt, so-called oat husk or oat hulls, is a by-product of oat flake manufacturing. On the one hand, this cheap material can be collected in large quantities, since it constitutes up to 25% of the total grains, after the de-hulling stage in the production line. 1 On the other hand, this is a potential source for xylan isolation due to its high content of hemicellulose (22-39%) and relatively low amount of lignin (18-24%). 2 The diversity of xylan structure, in general, has been summarized and classified by Ebringeróva and co-workers. 3, 4 According to their work, xylan is generally composed of Dxylopyranosyl residues through β-(1,3), β-(1,4)-linkages or a combination of these two bonds. Moreover, xylan from different sources is also substituted with different side chains or functional groups, such as α-D-glucuronic acid and/or its 4-O-methyl derivative and/or arabinofuranosyl residues. Further studies on the structure, derivatization and application of oat spelt xylan (OSX), in particular, were conducted by Puls et al. 5 and Hettrich et al. 6 Oat spelt xylan consists of arabinofuranosyl residues attached as branches to a xylopyranosyl polymeric backbone. The xylopyranosyl units are either mono-substituted at O2 or O3 positions or di-substituted at both O2 and O3 positions. Only 1.8-4.3% of 4-O-methyl glucuronic acid is present in alkali extracted OSX. 7 Moreover, the ratio between xylose, arabinose, and 4-O-methyl glucuronic acid varies from plant to plant and from species to species; a ratio of 7.6:1:0.03 was specified for an OSX sample by Saake et al. 2 Xylan and its derivatives were proved to improve the mechanical properties of paper. [7] [8] [9] [10] [11] Schöberg and partners 8 studied the role of xylan in the properties of paper made from bleached spruce Kraft pulp. They indicated that the bonding ability of the fibres was primarily influenced by the amount of xylan on the fibre surface. Moreover, the addition of xylan enhanced the strength properties of the fibre network. In another work, (glucurono) arabinoxylan from barley husk was shown to increase the tensile strength of Kraft pulp. 10 Ramírez et al. 7 investigated the sorption of xylans from annual plants onto softwood Kraft pulp. According to their work, the addition of arabinoxylan from corncob and oat spelt led to an increase in the tensile and burst index, over the whole range of beating degrees of the pulp. Especially the addition of xylan before beating was believed to be more effective for the beating procedure, as well as for the strength properties of the paper. Cationic polysaccharides were seen to favor the fibre bonds through electrostatic interaction. 12 In paper technology, cationic xylan derivatives have been used as a retention aid, 13 or just normally as paper additives, which can improve the strength properties of paper. 11, 12, 14, 15 Although the role of xylan in improving paper strength has been demonstrated, it is necessary to understand the mechanism of its interaction with cellulose fibres during the paper-making process. A hypothesis of xylan interaction and retention on cellulose proposed by Linder et al. 16 provided a clear point of view on this issue. In accordance with their hypothesis, when xylan is added into the pulp slurry, it goes through several stages, including attraction by cellulose surface, diffusion to and adsorption onto cellulose fibres. Regarding this topic, many studies on xylan adsorption and localization have been conducted. When modifying chemi-thermo-mechanical pulp with xylan, Henriksson and Gatenholm 17 found that micro-sized structures of xylan particles were spread over the fibre surfaces as evidence for xylan-cellulose interaction. Moreover, the structure of xylan, especially the substitution, had a strong influence on its adsorption onto cellulosic surfaces, as specified by Kabel and Köhnke et al. 18, 19 The distribution of adsorbed xylan on cellulose surface was recently studied by Miletzky et al. 20 According to their work, precipitated xylan was heterogeneously and nonuniformly distributed on the tested cellulosic surfaces. They also suggested that the cellulose model films consisting of xylan could be observed via atomic force microscopy (AFM) measurement.
This work aims to prepare xylan from oat spelt and then investigate the influence of the asobtained oat spelt xylan on paper mechanical properties, based on its remaining amount in paper, which has not been thoroughly studied so far. The relative retention capacity of xylan onto cellulose fibres was also evaluated. For this purpose, different amounts of oat spelt xylan were added into the pulp slurry during sheet formation in the paper-making process at a laboratory scale. The final papers, with different dosages of xylan added, were hydrolyzed with trifluoroacetic acid (TFA) under mild conditions. Three samples were prepared for the investigation: (1) handsheets without added xylan, (2) handsheets with different amounts of added xylan, and (3) xylan itself. The sugar contents, including xylose, arabinose, mannose and galactose, were analyzed by high performance liquid chromatography (HPLC). The amount of xylan, which was retained on cellulose fibres after the addition, was calculated based on the difference between the sugar content and total sugar of these three mentioned samples, especially xylose.
EXPERIMENTAL Materials
Elementary chlorine-free (ECF) bleached Kraft softwood pulp, purchased from Zellstoff Stendal GmbH, was used for the paper-making process. The pulp was received in the form of pulp sheets with dry content of about 95%.
Oat spelt was purchased from Peter Kölln KGaA Elmshorn Company.
Preparation of pulp slurry
Before use, the pulp sheet was torn into small pieces and soaked in tap water. This step might take up to 24 hours in order to allow the fibres to completely swell. Tap water was used to bring the experiment close to industrial conditions, where no distilled water is used while producing paper. Wet pulp was then mixed well at a high speed for 5 minutes, before transferring it to a milling machine. An appropriate milling time was set to obtain pulp with a refining degree of 18 °SR (according to an internal manual instruction issued by the Institute of Plant and Wood Chemistry, TU Dresden). After that, the milled pulp was dewatered by centrifugation, which resulted in a 30.8% dry content pulp. The procedure was performed by Mr. Paul-Gerhard Weber (Institute of Wood and Paper Technology, TU Dresden, Germany) and Dr. Christian Bäurich (Institute of Plant and Wood Chemistry, TU Dresden, Germany). The pulp was then disintegrated for 2 minutes in a disintegrator to obtain a homogeneous pulp suspension. The pulp slurry (3 g/L consistency) was prepared in a 10-L tank by filling with water.
Xylan isolation from oat spelt
Oat spelt xylan was prepared according to the wellknown procedure specified by Puls et al. 5 The extraction was carried out in a 5-L ploughshare mixer designed by Loedige Company. The oat spelt (373 g) was dispersed in 2.5 L of sodium hydroxide solution (NaOH, 5%, w/w). The dispersion was then heated during moderate mixing at 90 °C for 90 minutes. Xylan was precipitated from the extract by adding 5.4 L of a methanol-water mixture (60%, v/v) and separated by centrifugation. Subsequently, the precipitate was treated with 9.97 g of hydrogen peroxide solution (H 2 O 2 , 35%, v/v) together with 2.32 g of NaOH at 90 °C for 2 hours in 1.2 L of the methanol-water mixture. The mixture was then again cooled down to room temperature and centrifuged. The product was isolated and washed three times with 2 L of the methanol-water mixture and twice with 2 L of pure methanol. Approx. 65 g of the product was obtained after vacuum drying at 40 °C.
Before use, the xylan was dispersed into water with magnetic stirring to form a homogeneous suspension. Heating at around 50 °C might be needed to shorten the dissolving time. It is noted here that hydrogen peroxide in alkaline medium is known as a bleaching agent in paper technology, as it removes partly or completely lignin. However, the use of hydrogen peroxide in combination with sodium hydroxide, as used in this extraction process, can dissolve and hydrolyze hemicelluloses, causing a reduction in the molecular weight of the product.
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Handsheet making and testing
Handsheets were produced with a lab-scale papermaking machine Rapid-Köthen Automatik. The process was carried out following standard ISO 5269-2.
24 Each sheet was made with a specific amount of the prepared pulp suspension in order to obtain final paper sheets with a basis weight of 80 g/m 2 . Two groups of samples were produced in this experiment: (1) paper sheets with OSX added as mentioned above, and (2) paper sheets without xylan addition. For the former, the OSX suspension at different dosages was added into the pulp right before the sheet formation stage of the paper-making procedure. The xylan dosages of 1, 2, 5 and 10% were percentages by mass based on the dry weight of the pulp (i.e. if each sheet weighs about 2.4 g, papers with 1, 2, 5 and 10% of xylan added will theoretically contain 0.024 g, 0.048 g, 0.120 g and 0.240 g of xylan, respectively). The maximum dose of 10% was chosen based on the fact that xylan isolation and its application as a paper additive are still very pricey at this moment. In addition, to the best of the authors' knowledge, 10% is the highest dosage of xylan used as a paper additive in many other studies, for instance, 3% by Kataja-aho et al., 25 9% by Schwikal et al., 12 10% by Han et al., 26 and 6% by Deutschle et al. 15 Moreover, the low solubility of the alkaline extracted OSX in water, especially at high concentrations, also influences significantly its adsorption onto the cellulose fibres. 18 In all the cases, 5 replicates resulting in 5 sheets were produced.
The finished paper sheets were kept in a climatecontrolled room ( 28-31 Tensile and tear indices are the most significant parameters for paper mechanical properties, besides burst strength. However, tensile and burst index often share the same trend (i.e. they both increase with increasing xylan addition, [21] [22] [23] therefore only the first two mentioned parameters were investigated in this work.
All the sheets were produced and tested at the Institute of Wood and Paper Technology, TU Dresden, Germany.
Mild hydrolysis with trifluoroacetic acid (TFA) for sugar analysis by HPLC
This experiment aimed to produce monosaccharides from polysaccharide samples for further sugar analysis by HPLC. The hydrolysis can be carried out by using acids or enzymes. For economic reasons, acids are more common, especially sulfuric acid. However, sulfuric acid has many drawbacks. 32 First of all, the use of sulfuric acid might destroy the sugars and the reaction between monosaccharides and sulfuric acid reduces the yield of the hydrolysis. Second, the process using sulfuric acid requires a timeconsuming procedure to remove the acid after hydrolysis. In comparison with sulfuric acid, trifluoroacetic acid (TFA) has several advantages. The reaction with TFA requires a shorter time. On the other hand, TFA is volatile and therefore can be easily removed by evaporation without any traditional neutralization. 33, 34 The hydrolysis was performed according to the procedure described by Fengel et al. 35 A dried paper sample (20 mg) was placed into a 50-mL round bottom flask, where 3 mL of concentrated TFA solution (99%, p.a.) was added subsequently. The mixture was allowed to stand overnight at room temperature. After that, the TFA solution was diluted to 80% concentration by adding 1.108 mL of distilled water. The reaction was conducted at 105 °C for 35 minutes. Subsequently, the solution was diluted the second time to a concentration of 30% by adding 9.233 mL of distilled water. The reaction was maintained at 105 °C for two more hours.
After the required time, the flask was cooled down to room temperature before the sample was washed. The washing process was conducted in a rotary evaporator at 40 °C. At first TFA was removed and then distilled water was added to wash the product until it was free of acid. The clean samples were kept in a refrigerator until later analysis by HPLC.
Sugar analysis and determination of relative retention capacity of xylan on paper
The sugar composition of the hydrolyzed samples, including xylose, arabinose, mannose and galactose, was analyzed using an Agilent 1200 HPLC series system, equipped with an LC-MS detector and a ReproGel Pb column. The hydrolyzed sample was filtered through a 0.45 µm polytetrafluoroethylene (PTFE) syringe filter and eluted with distilled water. The glucose content is not mentioned here, since it cannot be determined precisely with this method. On the one hand, this sugar cannot be depolymerized completely into monomers using mild hydrolysis. On the other hand, the origin of glucose, which can be from starch, hemicellulose or cellulose, cannot be specified.
The amount of xylan on adsorbed cellulose was calculated based on the difference between the xylose content of the paper with added xylan and the pure paper. The relative retention capacity of the xylan on paper is the relation between the adsorbed amount of xylan and the actual amount of xylose present in the amount of xylan added into paper. This calculation was also applied for arabinose.
Fourier transform (FT) Raman spectroscopy
The spectra of the OSX were recorded using a Bruker MultiRAM III NIR FT-Raman spectrometer. The power of the laser source was 150 mW. For each measurement, 200 scans were performed at a resolution of 4 cm -1 . The resulting spectra were normalized and performed with OriginPro software, version 8.6.0.
Size exclusion chromatography (SEC)
Molecular mass data of the xylan were obtained by SEC analysis using DMSO-water (90%, v/v) and 0.05 M LiBr additive, as published previously by Saake et al. 36 Pullulan standards and glucose were used for calibration. A polymer standard service (PSS) set column was used with the following parameters: GRAM 100, 3000 (8 × 300 mm 2 ) and guard column (8 × 50 mm 2 ). The flow rate was 0.4 mL/min at 60 °C. Xylan was dissolved in the eluent in a temperaturecontrolled shaker for 1 hour at 95 °C, followed by 23 hours at 40 °C. The sample was filtered using a regenerated cellulose membrane. The measurement was conducted by the group of Prof. Saake (Unversity of Hamburg, Germany).
Xylan bleaching
This step was performed only to confirm the structure of the oat spelt xylan. The bleaching process was conducted using chlorine dioxide. Approx. 1 g of xylan was placed in a cylinder flask. Subsequently, 60 mL of active chlorine dioxide solution (10 g/L, pH ~ 2.4) was added. The reaction was performed at 70 °C in a water bath for 2 hours under stirring. After the reaction time, the xylan was separated from the liquid part by using a 0.45 µm cellulose acetate membrane filter, ϕ 47 mm (Carl Roth GmbH Co. KG). The product was then washed several times with distilled water before recording its spectra by FT-Raman spectroscopy.
RESULTS AND DISCUSSION Characterization of raw materials
Monosaccharide composition
The oat spelt xylan was hydrolyzed with TFA for sugars analysis by HPLC. The relative composition of sugars, including xylose, arabinose, mannose and galactose, of the sample is presented in Table 1 .
A small amount of arabinose (6.6%) indicates the presence of arabinose side chains attached on the backbone of the xylan. The xylose-toarabinose ratio implies that one arabinose side chain substitutes every eleventh xylose unit of the xylan backbone. This ratio of 10 was detected by Deutschle et al. 15 when they characterized an OSX sample. Galactose contributes with an only insignificant amount, while mannose is not detected. Low content of galactose is assumed from arabinogalactan, which could be covalently linked to the protein present in the xylan. 15, 37 The rest of the sugar composition could be glucose, which cannot be detected correctly with the used method and other sugars. Table 1 Neutral sugar composition of oat spelt xylan 
Molecular weight and molecular weight distribution
The molecular mass distribution of the OSX obtained by SEC is illustrated in Figure 1 . The data reveal an average molecular mass of 22000 g/mol for the OSX. This molecular mass is in the range of those typical for xylans from annual plants, e.g. 28000-29000 g/mol for barley hemicellulose 5 and 25400 g/mol for DMSO extracted oat spelt xylan. 36 However, the molecular weight of oat spelt xylan, in general, can be different depending on the raw materials, as well as the extraction method and conditions. For instance, an OSX sample with molecular weight of 79200 g/mol was isolated by Hettrich et al. 6 Xylans from hardwoods normally have higher molecular weight, of around 30000-36000 g/mol.
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Molecular structure
The molecular structure of the OSX was confirmed by FT-Raman spectroscopy. Figure 2 depicts the FT-Raman spectra of the OSX before and after the extra-bleaching procedure.
Major peaks at 497, 532, 900, 983, 1093-1126, and 1251-1469 cm -1 are observed. These are typical bands found very often in arabinoxylan. 41, 42 The bands at 497 and 532 cm -1 are assigned to C-C and C-O stretching vibrations. The presence of the β-(1,4)-glycosidic bond of the xylan backbone is identified by the peak at around 900 cm -1 . A pair of bands observed at 1093/1126 cm -1 is also assigned to glycosidic linkages, involving the C-O stretching vibration. These are typical peaks assigned to the asymmetric and symmetric stretching vibration of COC and belong to the polysaccharide fingerprint region, which is usually seen in the range of 1000-1200 cm -1 . [42] [43] [44] These peaks usually appear in xylan samples, including wheat arabinoxylan, as well as some hardwood xylans. 42, 44, 45 When using hulls from annual plants as starting materials for xylan isolation, the products may contain proteins, phenolics and other soluble polysaccharides. 3, 45 As an illustration, a double peak observed at 1604/1639 cm -1 is characterized as a phenolic ring. According to Kačuráková et al. , 45 ferulic acid has characteristic adsorption bands at 1517, 1600, 1620 and 1690 cm -1 . Further, Himmelsbach and Atkin 46 found that one of the typical peaks of ferulic acid appears at 1602 cm -1 , which is almost the same position as the lignin band at 1601 cm -1 . As mentioned before, hemicelluloses from annual plants and cereals may contain ferulic acid groups, which are covalently linked to arabinose residues via the ester linkage. 47, 48 However, these ester bonds are easily broken during the xylan isolation due to the presence of alkaline and peroxide, especially when using oat spelt as raw material. 47, [49] [50] [51] Therefore, the doublet at 1604/1639 cm -1 could be identified for lignin residue. To confirm this hypothesis, an extra-bleaching process using chlorine dioxide was carried out for the xylan, as described in the experimental section. As expected, these peaks are absent from the spectrum of bleached xylan, as seen from Figure  2A . It should be noted that hydrogen peroxide, in combination with sodium hydroxide, does not only remove lignin, but can also dissolve and hydrolyze hemicelluloses, resulting in lower molecular weight of the isolated product. 3 As a result, the bleaching process should only reach a level where the yield is high, and the product has an acceptable brightness.
In addition, a very strong, intense band observed at 2892 cm -1 is assigned to CH/CH 2 asymmetric stretching vibration, which is also typical of carbohydrates.
Relative retention capacity of oat spelt xylan on cellulose
In order to study the retention of the oat spelt xylan on cellulose, paper sheets with and without xylan addition were prepared according to the described method. In this process, only a part of the xylan was adsorbed on the cellulose surface by creating bonds with the fibres. This experiment aimed to evaluate how much xylan was preserved on the cellulose fibres, expressed as relative retention capacity. Figure 3 illustrates the sugar content present in the paper samples with the addition of different xylan dosages. As follows from Figure 3 , xylose and mannose are two major sugars present in the paper samples, which can be detected with this method.
The xylose content increases significantly with increasing xylan doses. On the one hand, this trend of xylose is more obvious than the other sugars because xylose constitutes the major part of the xylan with 73%, as presented in Table 1 . On the other hand, the presence of xylan is believed to create more hydrogen bonds with cellulose fibres resulting in the increased amount of xylose when increasing xylan dosage. There is almost no change in mannose, since this sugar is not present in the xylan used on its own (data shown in Table 1 ). This is just the preexisting mannose present in the paper itself. Galactose does not seem to be affected by the content of xylan, since this sugar constitutes only a small part of the xylan, as well as of the paper sheets.
Relative retention capacity
As mentioned earlier, the relative retention capacity of the OSX on paper is defined as the relation between the adsorbed amount of xylose and the actual amount of xylose present in the xylan added into paper. The determination is based on xylose as this sugar makes up the major composition of xylan. The correlation between the amount of xylan retained on the paper and the xylan dosages is illustrated in Figure 4 . It can be seen obviously from Figure 4 that the adsorbed amount of xylan increases with increasing xylan addition. It reaches the highest value of 2.8% when 10% of xylan was added. This is in agreement with the xylose content of the papers with different amounts of added xylan, as shown in Figure 3 . This is comparable with the work of Han et al., 26 who studied the adsorption of birch xylan onto hardwood pulp. According to their findings, the amount of adsorbed xylan started to decrease when adding more than 8% of xylan. The pulp properties (hardwood pulp vs. softwood pulp) and the xylan type (wood and non-wood xylan) are believed to considerably affect the adsorption ability of xylan. In addition, this procedure also depends on the molecular weight, degree of substitution, and substitution patterns of the added xylan. 16, 18, 19, 52 Further investigation on this issue is of interest, but beyond the scope of this study.
The relative retention capacity of xylan as a function of the xylan dosage is depicted in Figure  5 . Surprisingly, the highest amount of xylan retained on paper does not result in the highest relative retention capacity of the xylan. Nearly 48% of xylose remained on paper when 5% of xylan was added, which corresponds to 1.7% of the adsorbed amount of xylan. This is also the highest value among the used dosages of xylan in this work. Above this point (i.e. 10% of xylan dosage), the retention capacity starts to decrease. Arabinose, the sugar that appears once at every eleventh xylose unit of the xylan backbone, also shares the same trend with the highest retention capacity of approx. 18% when 5% of xylan was added. This phenomenon can be explained by a hypothesis of xylan adsorption limitation on cellulose fibres. It is well known that paper is formed by a fibre network among celluloses or holocelluloses through hydrogen bonds, which can be increased by the addition of xylan. This process, however, can have a saturation state. When this limitation is reached, xylan can no longer create linkages with the fibres. These results indicate that higher amounts of xylan addition (i.e. from 10% onwards) result in lower retention capacity of xylan in paper. This has a special meaning in paper industry since the cost of xylan isolation and its application as a paper additive is still rather high. Further experiments on papers with higher dosages of xylan addition, e.g. 12-15%, will be conducted in our future work to prove this hypothesis.
Influence of xylan addition on paper strength properties
Hemicellulose is well known as a paper strength enhancer, especially for tensile strength by acting as a glue between cellulose fibres. 43 As a paper additive, xylan has shown its ability to improve the mechanical properties of paper.
In accordance with the data shown in Figure 6 , the tensile index of paper is slightly increased with increasing xylan content, while tear resistance is not significantly influenced. This is obvious because tensile strength is primarily dependent on the degree of fibre bonding, which is mostly based on hydrogen linkages. The addition of xylan to paper is believed to strengthen the fibre network by increasing the number of hydrogen bonds between the polysaccharides. Unlike tensile strength, tear resistance strongly depends on the strength of individual fibres. The addition of xylan, in this case, might not bring any improvement in tear index, since xylan is a lower molecular weight polysaccharide, compared to cellulose. This is also in agreement with the adsorbed amount of the xylan on cellulose, as presented earlier.
These results suggest that a higher amount of xylan adsorbed on paper might lead to a higher tensile strength of the paper. Similar trends have been published previously by Ramírez et al., 7 who investigated the sorption of corncob and oat spelt arabinoxylan onto softwood Kraft pulp, and later by Han et al., 26 who used birch xylan to modify eucalyptus pulp.
CONCLUSION
From the research that has been performed, the role of xylan in improving paper properties in correlation with the remaining percentage of xylan on cellulose has been proved, especially for the tensile strength. It is possible to conclude that the relative retention capacity of oat spelt xylan on paper depends on xylan dosages under the particular conditions used. The amount of xylan adsorbed on paper increases with increasing xylan dosages. This is also reflected in the improvement of the tensile index of the papers. However, the retention capacity of oat spelt xylan does not follow the same trend as the adsorbed amount, since it reached the highest value when only 5% of xylan was added. This finding suggests that very high amounts of xylan addition may not yield any further advantages to the adsorption, which is perhaps explained by the fact that the saturation level has been reached. In addition, the proposed method for determination of xylan adsorption on paper can be readily used with xylans from annual plants, such as oat spelt and wheat straw. These findings may provide a practical approach to using oat spelt xylan as an alternative additive in paper technology, considering economic aspects.
In our future research, we intend to conduct further investigations to prove the adsorption saturation hypothesis, which has been raised in this work. The quantitative method to determine the retention capacity of pure xylan on paper will be developed to apply to other derivatives of xylan, including ionic and acidic xylans.
